e present paper on the supported liquid membrane (SLM) deals with the general principles and applications, followed by the uphill transportation characteristic of SLM. e liquid-liquid extraction with supported liquid membrane is one of the best alternate and promising technologies for the extraction of metal ions from solutions over other hydrometallurgical separation processes. e salient features of the supported liquid membrane (SLM) technique such as simultaneous extraction and stripping, low solvent inventory, process economy, high efficiency, less extractant consumption, and operating costs are discussed in detail. e supported liquid membrane of hollow �ber type provides high interfacial surface area for achieving maximum metal �ux. Also the use of different organic extractants for SLM has been discussed.
Introduction
In hydrometallurgical several conventional methods are being used to remove and recover heavy metals from aqueous solutions. ese methods include chemical precipitation [1] , reverse osmosis [2] , adsorption [3] , ion exchange [4] , solvent extraction processes [5] , and so forth. ese techniques have their own inherent limitations such as less efficiency, sensitive operating conditions, production of secondary sludge, high capital, and operating costs, and further the disposal is a costly affair [6, 7] . Hence, more efficient and cost-effective removal and recovery methods are sought aer to overcome these difficulties. Of all these techniques, liquid membrane (LM) has been given considerable attention by the researchers for removal and recovery of heavy metals from aqueous solutions. Some of the pronounced advantages of LM over the traditional separation methods are: low capital and operating costs, low energy and solvent consumption, high concentration factors, and high �uxes [8] .
e membrane separation techniques, namely, micro�l-tration, ultra�ltration, reverse osmosis, electrodialysis, and so forth, are being used in the industrial scale for separation of different components from solutions [2, 5, [9] [10] [11] . In all the membrane separation process, membrane used is basically a thin �lm and porous in nature, which acts as a semipermeable barrier for allowing certain component to transport and others to reject. Depending on the feed and the process the product may be permeated or may be rejected by the membrane. In recent years these membrane separation processes are paid considerable attention because of their energy efficiency. Such a typical process membrane separation process with the transport behaviour of solute and solvents in feed as well as in permeate and the membrane phase is shown in Figure 1 . All the membrane separation processes are dependent on molecular size, charge, and charge density and do not have selectivity [9, 11] for some particular ion.
Supported liquid membrane process is being applied for the extraction/separation/removal of valuable metal ions from various resources. It is one of the promising technologies for possessing the attractive features such as high selectivity and combine extraction and stripping into one single stage. It is also acts on nonequilibrium mass-transfer characteristics where the separation is not limited by the conditions of equilibrium. e limitations like aqueous/organic phase ratio, emulsi�cation, �ooding and loading limits, phase disengagement, large solvent inventory, and so forth, can be avoided [11] . e supported liquid membranes (SLM) have applications in both industrial and analytical �elds for separation, preconcentration, and treatment of waste water [8] [9] [10] [11] [12] [13] . us SLM technology has been considered as an attractive alternative over conventional unit operations for separation and concentration of metal ions in the hydrometallurgical process [11] [12] [13] [14] [15] [16] .
Supported Liquid Membrane: In General
A liquid membrane is formed by a thin layer of organic phase (usually with dissolved reagents) between two aqueous phases of different compositions. is thin layer of organic phase can be immobilized onto a suitable inert microporous support, which when interposed in between two aqueous solutions is termed supported liquid membrane (SLM). In this three-phase extraction technique and analytes are extracted from a continuously �owing aqueous sample through an organic liquid phase into another usually temporally stagnant, aqueous phase [12] [13] [14] [15] [16] [19] [20] [21] [22] [23] [24] [25] [26] .
Liquid membrane (LM) is a relatively new and prospective separation system consisting of a liquid �lm through which selective mass transfers of gases, ions, or molecules occur via permeation and transport processes. Owing to its advantages over the solid membranes and solvent extraction [27, 28] , LM has become the subject of intensive studies all over the world ever since its invention by Li and coworkers in the 1960s [29] . Different types of liquid membranes used for separation of metal ions are (i) emulsion liquid membranes (ELM), (ii) bulk liquid membrane (BLM), and (iii) supported liquid membrane (SLM). e emulsion liquid membrane and bulk liquid membranes are nonsupported liquid membrane and �at sheet liquid membrane and hollow �ber liquid membranes are supported liquid membrane. In supported liquid membrane microporous �lms are used as the solid support.
SLM is a nondispersive type LM, whose membrane phase is immobilized in the pores of a porous polymer. e polymeric support, which usually consists of microporous hydrophobic polymers, does not play an active role in the separation, but provides a structural support for the membrane phase (organic extractants) which is the active component in the separation [30] . eses membranes can be con�gured either as a �at sheet or a cylindrical type (so as to avail maximum surface area) in which it does not just let the membrane liquid to rest on its surface but also allows the membrane liquid to penetrate into its pores. Based on the size, shape, surface area, and applications supported liquid membranes can be categorized into to major classes, namely, �at sheet supported liquid membrane (FSSLM) and hollow �ber supported liquid membrane (�FSLM).
Flat Sheet Supported Liquid Membrane (FSSLM)
. e �at sheet supported liquid membrane uses a microporous solid support for the liquid membrane and is the simplest form of the liquid membrane. e solid support is impregnated with the extractant and is clamped between two half cells using gaskets thus forming two compartments ( Figure 2 ). One compartment is for feed solution and the other compartment for the strip solution. Both the phases are stirred by mechanical stirrers.
Hollow Fiber Supported Liquid Membrane (HFSLM).
In hollow �ber supported liquid membrane, a hollow �ber module is used for extraction of metal ions. e outer cell of the module is a single nonporous material through which the solution present inside cannot be transported. Inside the shell, many thin �bers are packed in nice and neat rows ( Figure 3 ) [17] . e source phase passes through the �bers and the receiving phase through the shell side with the help of pumps. [27] . e polymers such as PTFE, polypropylene, and polysulphones (repeat units of-R-SO 2 -R � -, where R and R � may be mono and bisphenyl or phenoxy groups) are generally used for supported liquid membrane. e polymeric �lms are to provide an optimum balance between the membrane stability and solute �ux lies in micro �ltration range, that is, 0.1-10 m [11] . e �lm materials are also available as a composite membrane where the �lms are laminated to a coarse material and oen same polymer [31] . e membranes are made by a patented process in which an impervious PTFE �lm is converted to an expanded and mechanically stronger �lm. is �lm consists of a number of small nodules interconnected by a mass of very �ne �brils. e pore size of this kind membrane can be varied by careful process control.
e polypropylene �lms are available from cleanse corporation under trade name Celgard and are manufactured by a multistage process including extrusion, annealing, and stretching of isotactic polypropylene to induce the formation of elongated pores. e speci�cations of Celgard-2�00 and Celgard-2400 have been described recently and these �lms have demanding application for the recovery of heavy metals in hydrometallurgical processes [32] . e polypropylene membranes in tubular form are also produced by thermal phase inversion process [33] .
Polysulphone membranes are also prepared by phase inversion process in which polysulphone is mixed with a solvent to form a solution. e membrane is cast or spun in a case of hollow �ber and the solvent was removed by evaporation, precipitation, and annealing. e �bers obtained are asymmetric having very �ne pores on inside of the �ber lumens [33, 34] .
3.2.
Extractants. e extractant used for supported liquid membrane is basically an organic solvent which has been chosen based on selectivity of the components present in the feed phases. is organic phase is supported by the solid support and acts as an immobilized phase. e chemistry of metal ion transfer through supported liquid membrane is same as it is for liquid-liquid extraction and most of the extractants used are familiar to the liquid-liquid extraction chemist. e extractions are classi�ed as (i) extraction by compound formation, (ii) extraction by ion-pair formation, and (iii) extraction by solvation in terms of the mechanism of extraction involved. Extraction by Compound Formation. e general extraction mechanism for extraction by compound formation is:
where M is an -valent cation, RH is a monobasic acid, and bar represents organic or membrane phase species. e most signi�cance feature of the reaction is the degree of the extraction of the respective extractant at a particular concentration. e extractants used for extraction by compound formation may be chelating such as LIX 84-I, LIX 64N, LIX 62N, LIX 860, and so forth, or may be acidic such as D2EHPA, PC88A, Cyanex 272 (phosphoric acid derivatives), and so forth, [14] [15] [16] [19] [20] [21] [22] . ese extractants are quite familiar in the hydrometallurgical process for the extraction/separation of various metal ions that is, Cu, Zn, Co, Ni, Fe, Mn, Mo (VI), and so forth from the leach liquor (obtained from primary/secondary resources) [7, 8, 15, 16, 27] . Extraction by Ion-Pair Formation. Due to the basic property of the amine components the inorganic components in the solution can be extracted by ion-pair. e amine based extractants have two modes of action during ion pair formation reaction. Initially as a free base form they are able to extract acid from the aqueous solution, and then by anion exchange reaction these amines extract the metal ions. e extractants Alamine-336, Aliquat-336, Alamine-304, and so forth, are being used in SLM process for extraction of Mo, Cr, V, and so forth from the chloride solutions [8, [35] [36] [37] :
where R = alkyl or H. Extraction by Solvation. e solvating extractants are weakly basic in nature and thus they extract either neutral metal complexes or acids by forming a solvate. It includes crown ethers which are cyclic polyether. ese crown ethers are the best suit extractants for the extraction of the alkali or alkaline earth metal and it can be designed to show selectivity for one alkali metal over another. But these crown ethers were not applied in SLM because of their high cost and high water solubility. During extraction process the neutral crown ether reacts with the metal ion to form a charged complex. e suggested chemical reaction is presented in:
But the other extractants like TOPO, TBP, MIBK, and so forth, are being used most oen for the extraction of valuable precious metal ions like Au by SLM technique [24, 25, 36] .
3.3. Diluents. e diluents are generally used for preparation of various concentrations of the organic extractants used for the extraction of the metal ion. e nature of the diluents preferred is the same as it is for the solvent extraction process and so the diluents should have high dielectric constant, low viscosity, should be cheap, and so forth. However the primary requirements in the membrane formulation are to lower the solvent viscosity which leads to the diffusivity of the solute complex within the membrane. e effect of the diluents is quite signi�cant on the extraction of metals because both physical and chemical interactions exist in between diluent and extractant. e diluents, namely, kerosene, xylene, toluene, hexane, cyclohexane, and so forth, are generally used in hydrometallurgical processes [38] .
Different Steps Involved for Metal Extraction by SLM
In this process, the membrane is oen formed by immobilizing a suitable extractant in the pores of polymeric support. e SLM thus formed is interposed between the feed and the strip phase and different steps such as extraction, stripping, and extractant regeneration are combined to a single step [11, 39, 40] . e liquid membrane process can, therefore, be considered as an advanced variant of the traditional solvent extraction process. e SLM eliminates the equilibrium limitation inherent to solvent extraction and makes it economically feasible to use tailor-made expensive extractants.
In general the mass transfer process in the SLM process consists of seven important steps.
(1) Diffusion of metal ions from the bulk of the feed phase to the inner surface of the membrane.
(2) Diffusion of hydrogen ions from the inner surface of the membrane to the bulk of the feed phase.
(3) Upon reaching the membrane feed phase interface, the metal ions are assumed to be divalent. en, overall chemical reaction can be represented as given in (1).
(4) Diffusion of the complex from the inner to the outer surface of the membrane phase. Again upon reaching the membrane-strip phase interface, the strip reaction takes place, regenerating the carrier and liberating the metal ions.
(5) Diffusion of the regenerated carrier back to the inner surface of the membrane.
(6) Diffusion of the liberated metal ions from the outer surface of the membrane to the strip bulk phase.
(7) Diffusion of hydrogen ions from the bulk of the strip phase to the outer surface of the membrane phase.
Transport of Metals (II) Ions through SLM
e transport of metal from the feed phase to the strip phase by supported liquid membrane in this studied system is a coupled counter current transport. By this mechanism M + and H + move by diffusion in opposite direction through the membrane by the carrier RH [41] . e transportation of the lithium ion in particular from the feed phase to the strip phase where both the phases are separated by liquid membrane supported with the relevant carrier acting as the barrier is as shown in the Figure 4 [18] .
At the feed solution-membrane interface, the carrier reacts with M + and releases H + to form MR complex. e complex diffuses through the membrane to the membrane -strip solution interface where it reacts with H + to release M + while the H + bind the carrier molecule. RH is then regenerated and "shuttles" back to the feed interface and the process begins again. If there is a proton gradient (such that pH feed > pH strip ), then M + will diffuse across the membrane against its concentration gradient [41, 42] . e general extraction mechanism by which -valent metal ion is extracted from an aqueous phase using phosphoric acid derivative as an extractant can be written as given in (1) and from which the extraction constant ( ex ) can be [RH] aq. .
e transfer of the species is due to a proton potential gradient (the driving force of the process) existing between the two opposite sides of the supported liquid membrane. e molar �uxes mol/m 2 ⋅ s) of the M + ions through the membrane from the feed side to the strip side can be determined by applying the following:
e �ux, , of metal ions through the membrane, assuming that it follows Fick�s �rst law [43] , is given by
If → 0, that is, MR complex breaks on the strip side of membrane immediately aer reaching there, depleting the concentration inside the membrane, then (7) becomes
In this case = and (9) becomes
e diffusion coefficient, , through Chang-Wilkie equation is
where is the viscosity of the organic phase, is the temperature, and is a constant.
Taking into consideration the value of from (10), (11) becomes
For particular membrane, , ext , , and are constants, therefore,
Taking logarithm of (13)
it can deduce that the �ux, � ", is directly proportional to the operating temperature ), concentration of the carrier RH), concentration of metal in feed solution, and inversely proportional to the viscosity of the liquid membrane ) and acid concentration. e permeability coefficient [38] of the membrane, , is de�ned as
Two or more metal ion species present in the feed solution can be separated when their permeability coefficient values are different. e separation factor, , is de�ned by the following: 
Advantages and Disadvantages of Supported Liquid Membrane
Despite of the high removal efficiency of metal ions by various techniques such as chemical precipitation [44] , coagulation�occulation [45] , �otation [46] , membrane �ltration [47] [48] [49] , and biosorption [50] [51] [52] [53] [54] [55] [56] [57] [58] , there is little emphasis on the recovery of the removed heavy metals by these techniques. Removal and recovery of heavy metals from aqueous solutions are attainable by techniques like solvent extraction (SX), ion exchange, and electrochemical treatment, but the recovery process is normally carried out in a separate unit by elution with suitable reagents [6] . SX technique appears to be one of the well-established techniques which is widely used in the industries to remove and recover heavy metals from aqueous solutions [41, 59] . Nonetheless, there has been an increasing demand on the use of SLM in place of SX in recent years owing to its unique con�guration which offers several remarkable advantages which are discussed in detail.
Extraction and Stripping Processes in Single
Unit. e ability of SLM to facilitate mass transfer between immiscible phases leads to the possibility of coupling what are typically distinct process steps in SX, that is, extraction and stripping processes, into a single unit [42] . is combination allows a simultaneous extraction and stripping of components from the aqueous feed into the membrane (organic liquid) phases and �nally into the aqueous strip phase in single stage. e maximum driving force can be achieved with such a combination and the use of multistage and countercurrent processes, which is an inevitable trait in the classical SX, is not required [60] . By coupling the extraction and stripping processes in a single unit, LM is less complex, smaller in size, cheaper in cost, and more energy saving than the classical SX systems [61] .
Uphill Transport Characteristic.
In SX process the ultimate separation is limited by the conditions of equilibrium [60] . But LM which combines the extraction and stripping processes into a single stage gives rise to a nonequilibrium mass transfer, that is, uphill transport, in which the solutes can move from low to high concentration solutions and the ultimate separation is not limited by the conditions of equilibrium [62] . Venkateswaran et al. [59] reported an uphill transport characteristic exhibited by an LM system in the removal and recovery of Cu (II) and claimed that a concentration factor of more than �ve could easily be achieved. is �nding is consistent with that obtained by Venkateswaran and Palanivelu [63] who investigated the transport of Pb (II) through a similar LM system.
High Interfacial Area per Unit
Volume. SLM of hollow �ber type tends to provide a much higher interfacial area per unit volume for mass transfer than the SX columns, particularly in nondispersive SLM where the use of porous membrane support can provide up to several orders of magnitude higher interfacial area per unit volume than the classical SX systems [64] . is high interfacial area per unit volume of SLM aids to increase its process efficiency [61] , as well as to reduce the required equipment volume for a given separation, which sometimes may achieve more than �ve hundred times smaller than that of the classical SX systems [64] .
Low Solvent Loss.
As there is no entrainment of the organic solvents in the SLM the solvent loss is much less [60] . But the solvent can still be lost due to solubility of organic phase in aqueous phase [60] .
Low Solvent Inventory.
As the solvent used in SLM is a short-term mediator only, its extraction efficiency is of not much essential importance. e amount of solvent required for SLM is much less than conventional SX systems. In SLM, for instance, 10 cm 3 of solvent is sufficient to impregnate 1 m 2 of a membrane of 20 m thickness and 50% porosity [27] . e small solvent inventory, coupled with the signi�cant lower solvent loss leads to the much lower solvent costs than SX. So expensive solvents can be used for SLM. Also more variety of insoluble inert and harmless organic liquids can be used as an intermediate liquid containing only a small amount of highly selective carriers.
No Loading and Flooding Limitations.
For dispersionfree LM where separation is accomplished readily without phase dispersion, for instance the SLM; the loading of each liquid phase in such LM can be adjusted independently without any constraint while maintaining the same interfacial area per unit volume at high and low loadings [27, 60] . is property is particularly useful in applications having a required membrane to aqueous feed, or membrane to aqueous strip, phase ratio that is very high or very low [64] . Whereas the traditional SX columns are always subject to �ooding at high �ow rates and no loading at low �ow rates [60] .
Efficient in Application over Other Liquid Membrane
Techniques. BLM is one of the simplest forms of LM system which is easy to manipulate while offering good membrane stability. However, the low �uxe of BLM is due to its small speci�c interface area and long transportation path of solutes encumbered its application in the actual separation systems [11, 30] . In addition, the use of large amount of organic solvents (membrane liquids) increases its capital and maintenance cost as well as poses a serious threat to the environment in case of solvent loss, particularly when the solvent used is of toxic in nature. Hence, the application of BLM is only restricted to laboratory studies such as studies of kinetics of mass transfer processes and reaction mechanisms [11] . �n the other hand, �LM provides highest �ux due to of its extremely high interfacial area. Also the concentration factor is very high due to the relatively small volume of strip solution used in a highly irreversible system. But unfortunately, unsolved difficulties with emulsion stability and other shortcomings such as feed and water occlusion, secondary emulsi�cation, and necessity of controlling many parameters decreases the process selectivity. SLM, in contrast, is a continuous process which tends to yield more predictable, reliable, and repetitive results than the single-and three-step batch processes of BLM and ELM, respectively, for which scaling up is difficult and uncertain [11] . On the other hand, supported liquid membranes also have a few drawbacks (given below).
Disadvantages of SLM
(1) Instability of supported liquid membrane: in spite of its number of uses of SLM and its potential such as SLM high selectivity and effective separation of desired metal ion component or organic species, some disadvantages are also encountered whilst scaling up its operation in industrial scale. e major concern of the rare applications of SLM in industrial scale is attributes to the membrane instability in terms of long time performance [65] , leads to the reduction of solute �ux and membrane selectivity [66] . e consequence of loss of solvent from the supporting membrane, either by evaporation or dissolution/dispersion into the adjacent phases, is taking place [67] . On the other hand, organic solvents which are used as the solid support are generally volatile in nature and have some toxic effects. us, the volatility of the solvent increases that subsequently causes its loss and that renders the SLM more unstable. e toxicity caused by these volatile solvents is never desirable for apparent reasons. erefore, membranes have the �nite life and hence the cost of periodic membrane replacement needs to be considered while comparing the membrane process with the conventional solvent extraction processes.
(2) e membrane introduces another resistance to mass transfer which is due to the membrane itself. However, this resistance is not always important, and steps can be taken to minimize it.
(3) Lack of research: the membrane technology is a new technology and so far research done on it is less compared to other hydrometallurgical processes.
Looking into the several advantages and few disadvantages, SLM have attracted the attention of many interested workers from both academia and industry for a diverse range of applications. Some of the applications are discussed in the following section.
Potential Uses of Supported
Liquid Membrane e supported liquid membrane uses have yet to �nd commercial applications. Membrane transport of a variety of solutes has been examined and its potential uses in the process application has been demonstrated here. e depressed state of world economy in recent years has not encouraged the investment in new extraction technology.
Hydrometallurgical and Waste
Recycling Process. e use of supported liquid membranes for the separation and concentration of metal ions has received considerable attention since last three decades due to characteristics such as easy operation, high selectivity, low operating cost, and so forth [40] . SLM is being used for recovery of metals from industrial process streams, not only because the metals are valuable, but also to meet increasingly stringent regulatory requirements. A number of literatures are available for the recovery of metal using membrane contactors reported. e use of membrane contactors for simultaneous extraction of metals such as Cu, Zn, and Ni and anions like Cr (VI), Hg, and Cd, respectively, from contaminated wastewaters is reported by authors [68] . e supported liquid membrane process has been tested on pilot scale for recovery of copper and uranium from sulphate leach liquors, for the recovery of uranium from wet phosphoric acids, and recently for the recovery of zinc from the waste liquors [16, 37] . e cost of uranium extraction has been compared on the basis of minimum plant capacities for the pro�table operations. e recovery of uranium from the acidic sulphate leach liquor has been examined using a supported liquid membrane process. e performance of a supported liquid membrane process in long term �eld trials has been examined [37] . Copper has been recovered from the acidic sulphate solution on bench scale in a brief �eld trial [69] . However the supported liquid membrane process could prove more attractive for the small scale plant for the recovery of valuable metals from the dilute leach liquors. e SLM process can contribute for reduction of environmental pollution by metal �nishing industry [4] . Application of SLM is dependent on the availability of lower cost support materials, preferably tubular form (hollow �ber liquid membranes), and the demonstration of the long effective membrane life. Hollow �ber modules are usually more expensive but they offer much higher surface area per unit of module volume up to 500 m −1 . Commercially available modules can be big enough and have up to 220 m 2 membrane area [17] .
Selective permeation of plutonium is clearly demonstrated from real waste solutions containing other �s-sion products such as Cs-137, Ru-106, and Eu-154 and it was possible to achieve an efficient separation of Pu in presence of �ssion products. is is advantageous in HFSLM system to treat real waste streams for recovery of Pu (IV) from the acidic wastes [70] . Octyl (phenyl)-N,N-diisobutylcarbamoylmethyl-phosphine oxide (CMPO) mixed with TBP supported on an inert matrix is capable of sorbing all alpha-emitting nuclides and �ssion products in their hexa-tetra-and trivalent states leaving behind a waste containing mainly the -emitters 90 Sr and 137 Cs with trace amounts of 106 Ru and 125 Sb [71] . A generator system has been developed by using the extractant 2-ethylhexyl-2-ethylhexyl phosphonic acid (KSM-17 equivalent to PC 88A) supported on a polytetra�uoro ethylene (PTFE) membrane� a generator system has been developed for the preparation of carrier-free 90 Y from 90 Sr present in the high level waste (HLW) of the Purex process [72] . [73] have been done. Removal of these contaminants from waste waters is dictated by environmental constraints and there is an incentive to reduce the cost of water treatment which is usually carried out biologically although resin adsorption can be used for the removal of phenol [59] . Separation and recovery of copper [35, 74] , zinc [15, 16] , nickel [20, 21] , precious metals [75, 76] , rare earth metals [36, 77, 78] , alkali metals [18] , and so forth, from aqueous solutions using SLM have been extensively studied.
Concluding Remarks
Supported liquid membrane is a promising and potential technology leading to its numerous applications especially in hydrometallurgical separation process. Owing to its several advantages, such as (i) ease of operation, (ii) no phase contamination, (iii) low energy consumption, (iv) high selectivity, and (v) low cost operation factors, this is being considered as one of the suitable alternate processes to the existing conventional separation process in recent days. In addition, supported liquid membrane (SLM) has edge over other membrane processes with respect to its high selectivity and low energy utilization and has been a subject of a number of recent investigations for separation of metal ions from industrial liquors/waste waters/effluents, and so forth, using a variety of extractants. A clean separation of metal ions from the aqueous solution bearing more than one component can be obtained by SLM method. ere is a wide scope for supported liquid membrane in separation science and technology; however, due to lack of attention of researchers, its uses have yet to �nd commercial applications. 
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